ABSTRACT: Binding of the viral spike drives cell entry and infection by HIV-1 to the cellular CD4 and chemokine receptors with associated conformational change of the viral glycoprotein envelope, gp120. Crystal structures of the CD4− gp120−antibody ternary complex reveal a large internal gp120 cavity formed by three domainsthe inner domain, outer domain, and bridging sheet domainand are capped by CD4 residue Phe43. Several structures of gp120 envelope in complex with various antibodies indicated that the bridging sheet adopts varied conformations. Here, we examine bridging sheet dynamics using a crystal structure of gp120 bound to the F105 antibody exhibiting an open bridging sheet conformation and with an added V3 loop. The two strands of the bridging sheet β2/β3 and β20/β21 are dissociated from each other and are directed away from the inner and outer domains. Analysis of molecular dynamics (MD) trajectories indicates that the β2/β3 and β20/β21 strands rapidly rearrange to interact with the V3 loop and the inner and outer domains, respectively. Residue N425 on β20 leads the conformational rearrangement of the β20/β21 strands by interacting with W112 on the inner domain and F382 on the outer domain. An accompanying shift is observed in the inner domain as helix α1 exhibits a loss in helicity and pivots away from helix α5. The two simulations provide a framework for understanding the conformational diversity of the bridging sheet and the propensity of the β20/β21 strand to refold between the inner and outer domains of gp120, in the absence of a bound ligand.
I nfection of HIV-1 begins with a series of dynamic binding events between the trimeric glycoprotein envelope spike and the host cell CD4 and chemokine receptors. 1−7 The envelope trimer (gp160) is composed of three gp120 glycoproteins and three transmembrane gp41 proteins. 8−10 The first dynamic event occurs via binding of gp120 to the host T-cell CD4 receptor 3, 11 followed by extensive restructuring of gp120. 12, 13 This conformational change results in the exposure of the chemokine binding site on gp120, thus permitting binding to either of the chemokine receptors, CCR5 or CXCR4. 14−17 Upon chemokine receptor binding a second conformational change occurs in gp41 to form the fusion peptide that inserts in the host cell membrane, leading to viral entry. 6,18−20 The CD4 induced gp120 conformational change has been characterized thermodynamically, showing a highly favorable binding enthalpy balanced with a highly unfavorable molecular ordering. 21, 22 This thermodynamic signature resembles protein folding, rather than binding, and reflects the large molecular ordering of gp120 upon CD4 binding. 21 A similar thermodynamic signature is exhibited by soluble CD4 (sCD4) binding to both full-length gp120 (gp120 full ) and a core gp120 (gp120 core ) containing truncations in gp120 variable loops. 22−24 Furthermore, the large entropic penalty associated with CD4 binding was substantially reduced for a cavity filling mutant (S375W), indicating that this mutant gp120 is stabilized in a CD4 boundlike state. 25, 26 There are several gp120 core structures bound with CD4 receptor, 27−31 antibodies, 32−35 miniprotein, 36, 37 and small molecule ligands 38, 39 detailing gp120−ligand interactions. The CD4−gp120 core crystal structures reveal the CD4 induced formation of a large internal gp120 cavity formed by the inner, outer, and bridging sheet domains (the CD4 bound conformation of gp120 is denoted as gp120 CD4 ) ( Figure  1A) . 27, 28 The highly conserved CD4 Phe43 side chain binds at the top of the gp120 "Phe43 cavity". The structure of the biphenyl conjugated scyllatoxin derived mini-protein (2I5Y) 36 reveals the depth of the cavity and biphenyl interactions with gp120 aromatic residues lining the Phe43 cavity from each of the three domains, namely, W112 (inner domain) F382 and Y384 (outer domain), and W427 (bridging sheet). In gp120 CD4 , the bridging sheet domain is composed of a four-stranded antiparallel β-sheet (β2, β3, β20, β21). The β2/β3 strands stem from the inner domain, while the β20/β21 strands arise from the outer domain. Thus, the bridging sheet spans the interface of both the inner and outer domain and forms a third of the surface of the Phe43 cavity. As yet, structural information on the prestructured, unbound form of trimeric gp120 has been elusive. However, the structure of the unbound form of SIV gp120 has been solved, revealing a structurally invariant outer domain with a markedly different conformation and arrangement of the inner domain and bridging sheet domains compared to HIV-1 gp120 CD4 structures. 40 In fact, the structure of gp120 CD4 -containing portions of the gp41-interacting region displays a three-layered domain architecture adjacent to the invariant outer domain. 31 This topological layering of the gp41-interacting elements, the inner domain, and bridging sheet domain is postulated to form a "shape-changing spacer" that forms the basis of glycoprotein conformational mobility. 31, 41 The plasticity of monomeric gp120 core in complex with several monoclonal antibodies, b12 (2NY7), 29 b13 (3IDX), and F105 (3HI1), 32 and the N-terminal of the CCR5 receptor (2QAD) 42 also reveal the structural variability of the inner domain, bridging sheet, and variable loops. 43 The structure of tyrosinesulfated 412d antibody complexed with HIV-1 YU2 gp120 and CD4, reveals the structure of the V3 loop situated adjacent to the bridging sheet (2QAD). 42 The gp120 bound N-terminal of the CCR5 receptor (2QAD), which is the structure of tyrosinesulfated 412d antibody complexed with HIV-1 YU2 gp120, and CD4, reveals the structure of the V3 loop situated adjacent to the bridging sheet. This highly variable, glycosylated, 35-residue V3 loop determines HIV-1 trimer preference for binding to either the CCR5 or CXCR4 chemokine receptors. 44−46 Furthermore, Yokoyama et al. found that the V3 loop acts as an electrostatic modulator that impacts the fluctuation and conformation of CD4, coreceptor, and antibody binding loops. 47 Other disulfide bond linked gp120 core variants complexed to b12 and b13 display an altered conformation compared to the CD4-bound state with shifts in the V1/V2 stem and alternations in the position and orientation of the bridging sheet β2/β3 and β20/β21 strands. Furthermore, the b12−gp120 core complex displays an unstructured helix α1 in the inner domain. This is in contrast to the F105−gp120 core (gp120 F105 ) complex ( Figure 1B ), which shows a structured helix α1, but with narrowing of the interface between the inner domain and outer domain. This narrowing is accompanied by the displacement and disassociation of the 30 residues of the four-stranded antiparallel β-sheet bridging sheet into distinct conformations for the β2/β3 and β20/β21 strands. The two strands extend away from the inner−outer domain interface, resulting in a shallower and more open "Phe43 cavity" bound by the F105 antibody Val-Phe-Tyr motif ( Figure 1B) . Thus, these antibody-stabilized complexes represent gp120 conformations that may be sampled along the transition path between the unliganded and the CD4 bound form. Recently, Kwon et al. have solved the structure of the unliganded gp120 extended core (gp120 coreE ) from clades B, C, and E and demonstrate that while the glycoprotein trimer spike rarely assumes a CD4-bound like conformation, gp120 coreE spontaneously adopts the CD4 bound conformation in the absence of ligand when not restricted by the presence of the V1, V2, and V3 variable loops. 38 Therefore, ligand binding is not a prerequisite for the creation of the gp120 CD4 conformation, suggesting that this conformation may indeed be sampled in solution in the context of the gp120 core .
The conformational dynamics of gp120 has been analyzed using various computational models reiterating the bridging sheet flexibility seen in gp120-antibody crystal structures. Floppy Inclusion and Rigid Substructure Topography analysis of several gp120 structures bound with various ligands demonstrated that the inner domain and bridging sheet domains are more flexible while the outer domain is more rigid. 48 Several simulations of gp120 bound with CD4, miniprotein, or small molecule using the coarse-grained Gaussian network model also concluded that the outer domain was more rigid and exhibited less flexibility than the inner domain and the bridging sheet. 49 Application of temperature accelerated MD predicted a counter rotation between the inner and outer domains and a disruption of the bridging sheet in the unbound form of gp120. 50 Additional MD studies by Hsu et al. indicate that there are concerted loop motions in the vestibule of the CD4 cavity, stabilization of the bridging sheet, and a coalescing of the bridging sheet and V3 loop to form the coreceptor binding site. 51, 52 MD studies demonstrated that the bridging sheet refolds for a S375A mutant, 53 while the bridging sheet did not refold for either a S375W cavity mutant 54 or double mutant, S375W/T257. 53 Furthermore, Liu et al. showed that a gp120 homology model containing the S375W mutation favors the CD4 bound conformation, while the I423P mutation prefers an unliganded conformation. 55 Nonequilibrium steered MD showed that the bridging sheet strands β2/β3 had more flexibility than the β20/β21 strands, which preferred interactions with the inner domain. 56 MD simulation of The thermodynamic, crystallographic, and dynamic studies all suggest that gp120 is in equilibrium among a number of conformational states, which when bound by ligand (CD4, antibody, miniprotein, or small molecule) can drive the equilibrium toward a conformational state that favors binding to the chemokine coreceptor. However, the molecular mechanism of the transition between these conformational states remains undetermined. Nonetheless, as revealed by the CD4−gp120 structure containing portions of the gp41-interacting region 31 and the gp120 F105 structure (3HI1), 32 the inner domain and bridging sheet are most likely to facilitate/ mediate conformational changes compared to the outer domain, which has thus far been observed in a conserved conformation. We postulate that the extended conformations of the β2/β3 and β20/β21 as observed in the gp120 F105 structure represent one potential conformation of the metastable unliganded gp120 monomer. Moreover, the observation that the unliganded gp120 coreE adopts the gp120 CD4 conformation without induction by ligand binding suggested further investigation of interdomain interactions that may contribute to gp120 conformational transitions. In this study, we use MD simulations to explore the conformational rearrangement of the bridging sheet as observed in the unliganded gp120 F105 structure containing the V3 loop. The two 100 ns simulations reported herein demonstrate that the β2/β3 and β20/β21 strands and the V3 loop rearrange spontaneously, leading to reorganization of the β20/β21 strand wedged between the inner domain and outer domain accompanied by a shift in the position of helix α1 on the inner domain.
■ MATERIALS AND METHODS
For this study, we used the crystal structure of YU2 gp120-core complexed to the F105-antibody (3HI1). 32 The conformation of the third variable loop (V3) was revealed in the crystal structure of the gp120 complexed to the tyrosine-sulfated 412d antibody (2QAD). 43 Superposition of the outer domain of these two structures indicated that the V3 loop could be grafted onto the V3 stem in the outer domain of 3HI1 without disrupting the extended position of the bridging sheet strands β20/β21. Using the homology modeling module in MOE, 58 the V3 loop from 2QAD was grafted onto the corresponding YU2 sequence in context of the 3HI1 structure. This loop was added to provide completeness to the monomer structure and to assess the role of adjacent V3 loop on bridging sheet dynamics. The missing residues corresponding to the V4 loop in 3HI1 were added from the 1G9N 27 crystal structure, and the resulting structure was energy minimized. Hydrogen atoms were added, and the tautomeric states and orientations of Asn, Gln, and His residues were determined with MolProbity. 59, 60 The construct was then minimized using the OPLS-AA force field 61 in MOE 58 with the following procedure: all hydrogen atoms were minimized to a root-mean-square (rms) gradient of 0.01, holding the heavy atoms fixed. A stepwise minimization followed for all atoms, using a quadratic force constant (100 kcal mol −1 Å −1 ) to tether the atoms to their starting geometries; for each subsequent minimization, the force constant was reduced by a half until 0.25 kcal mol −1 Å −1 . This was followed by a final cycle of unrestrained minimization. Water molecules, Asn-linked acetyl-D-glucosamine, 2-(acetylamino)-2-deoxy-α-D-glucopyranose, and small molecules were removed prior to MD calculations.
Molecular Dynamics Simulations. The model of gp120, including the bridging sheet and the V3 loop, in explicit solvent, was initially energy minimized, using the steepest descent algorithm, in GROMACS software. 62 This energy-minimized model included explicit SPC 63 water molecules, resulting in a simulation model of ∼55 000 atoms. After energy minimization, the system was equilibrated for 1 ns, during which the backbone atoms were restrained by a harmonic potential of 1000 kJ mol −1 nm −1 , while the side-chain atoms and the water molecules were allowed to relax. This was then followed by a production run of 100 ns, during which all restraints were removed. The simulations were all performed under constant number of particles, pressure, and temperature conditions with temperature set at 310 K. A weak temperature coupling using Berendsen's bath with a time constant of 0.1 ps was used, while a pressure coupling of 1 atm/bar with a time constant of 1 ps was applied, also using the Berendsen's algorithm. 64 The LINCS algorithm 65 was used to constrain bonds involving hydrogen atoms, and the integration time step was set to 2 fs. The electrostatic interactions were calculated using Ewald particle mesh method. 66 Two 100 ns simulation trajectories were generated from this energy-minimized and equilibrated system each started off with a different set of random initial velocities. In the following discussion, these will be denoted as MD-1 and MD-2. The simulation trajectories were all generated on the supercomputing resources available at the Pittsburgh Center for Simulation and Modeling.
■ RESULTS AND DISCUSSION gp120 Exhibits a Conformational Transition after 40 ns of Simulation. The unliganded monomer gp120 core extracted from the 3HI1 complex 32 was used for simulations. The V3 loop was grafted from the gp120−412d antibody structure (2QAD) 43 to provide completeness to the gp120 monomer structure (gp120 F105−V3 ) and to assess its impact on bridging sheet dynamics, Figure 1 (see Materials and Methods). Two 100 ns simulations were conducted for gp120 F105−V3 and are denoted MD-1 and MD-2. The root-mean-square deviations (rmsd) of the C-α atoms typically provide a measure of the stability of the protein as a function of time during the course of simulation. In both MD-1 and MD-2, the rmsd initially increases up to almost 0.8 nm (Figure 2A ). The high rmsd in both the simulations indicates substantial conformational change from the starting structure. In MD-1, an abrupt transition is observed near 25 ns, where the rmsd jumps from ∼0.5 to ∼0.8 nm, while in the second simulation, MD-2, the rmsd steadily increases up to 0.8 nm during the first 10 ns of the simulation. Superposition of the 100 ns averaged structures of MD-1 and MD-2 onto their starting structures ( Figure 2B,C) clearly shows that the change in conformation is primarily due to motion of the bridging sheet β2/β3 and β20/β21 strands and the V3 loop, in both MD-1 ( Figure 2B ) and MD-2 ( Figure  2C ). In both simulations, the β2/β3 strands and V3 loops move toward each other, forming noncovalent interactions. This finding is interesting given that the V3 loop determines gp120 usage of either the CCR5 or CXC4R coreceptor 44 further suggests that the V3 loop sequence variability may effect V3 structure and mobility as previously described. 47, 67 The β20/β21 strand, on the other hand, moves toward W112 on inner domain helix α1, closing off the wall of the Phe43 binding cavity between the inner and outer domains. A correlation coefficient of 0.832 in root-mean-square fluctuations (from the respective 100 ns average) (Supporting Information Figure S1 ) suggests remarkably similarity between the two simulations. Moreover, the 100 ns averaged structures, corresponding to the folded structure, in both MD-1 and MD-2, are also remarkably similar, with a low rmsd of 0.45 nm (Supporting Information Figure S2 ). In both the simulations, the topology and structure of gp120 core outer domain remain similar to the initial structure, while both the β2/β3 and β20/β21 strands and V3 loop dramatically change. Interestingly, helix α1 in the inner domain has also shifted from the starting position in MD-1 and MD-2 and has partially lost helicity ( Figure 2B,C) . The transition point, observed within 30 ns in both MD-1 and MD-2 ( Figure 2A) , is triggered by the movement of β20/β21 toward the inner domain helix α1 and the formation of a stabilizing interaction between W112 and W427 (MD-1) or W112 and Y435 (MD-2) followed by the concerted motions of β2/β3 and V3 loops toward ( Figure 2B ,C) each other.
Events Leading to Bridging Sheet Rearrangement. To assess the hierarchy of folding events, we monitored the time evolution of the minimum distances between any two atoms on residues W427 or Y435 on β20/β21 and W112 on inner domain helix α1 (Figure 3A,B) . These residues were considered since they form part of an aromatic cluster (W112, F210, F382, Figure 2 . gp120 conformational transition. (A) The root-mean-square deviation (rmsd) for backbone C-α atoms of MD-1 (black line) and MD-2 (red line) from the initial conformation. (B) Superimposed structures of MD-1 starting structure (blue) and 100 ns structure (red) and (C) MD-2 starting structure (blue) and 100 ns structure (red). In both the simulations, the outer domain has moved less as compared to inner domain. The high rmsd at the conformational transition is due to restructuring of the β2/β3 and β20/β21 strands and the V3 loop. W427, Y435) that coalesces between the inner, outer, and bridging sheet upon formation of the Phe43 cavity as observed in gp120 CD4 structures. In MD-1, the minimum distance between W112 and W427 initially increases ( Figure 3A , black line); however, within 10 ns this distance drops to ∼0.5 nm for up to 40 ns and then finally to ∼0.25 nm for the remainder of the simulation, suggesting a close interaction between W112 and W427. In MD-2 ( Figure 3A, red line) , residues W112 and W427 are farther apart (0.75 nm) during the first 40 ns and then later increase to ∼1.0 nm, as a result of the W427 aromatic ring rotating away from W112. Closer inspection of W112 interactions with β20 indicates that in MD-2 the helix α1−β20 interaction is stabilized instead by the W112−Y435 interaction (0.25 nm) ( Figure 3B , red line) maintaining the cavity like structure. In MD-1, W427 approaches W112 in a T-stacking aromatic−aromatic interaction but remains on the outer flank of W112 and the Phe43 cavity (Supporting Information, WT1_MD_movie). In the MD-2 simulation, after both W427 and Y435 form T-stacking interactions with W112, W427 then slides over the surface of W112 to settle over the top of the cavity within van der Waals interaction distance of C-β atom of S375 on the outer domain (Supporting Information, WT2_MD_movie). Thus, monitoring interactions of W112 with W427 and Y435 indicates that the β20/β21 rearranges rapidly (within 40 ns) to form close associations with inner and outer domain residues, enclosing the Phe43 cavity.
A study by Xiang et al. concluded that the V3 loop and bridging sheets assist in stabilizing the unliganded conformation of the gp120 trimer. 68 Kwon et al. further posit that gp120 coreE exhibits an altered conformational equilibrium as a consequence of the V3 loop truncations. 38 To assess the possible role of the V3 loop in assisting bridging sheet dynamics, in the absence of a bound ligand, the interaction distance was monitored between Q203 on β2/β3 and Y318 on the V3 loop ( Figure 3C ). These two residues were selected because they are observed to be in close contact (less than 0.5 nm) at the end of the simulation (Supporting Information Table S1 and movies). In MD-1 ( Figure 3C , black line) β2/β3 and V3 initially shift apart, and then at ∼30 ns, β2/β3 and V3 move within 0.5 nm and remain associated for the duration of the simulation. In contrast, in MD-2, association between the β2/β3 and the V3 loop is seen to be formed almost instantaneously, with the two residues approaching within ∼0.25 nm of each other. Analysis of the movies (Supporting Information) and the interaction plots for residue pairs W112:W427 ( Figure 3A) and W112:Y435 ( Figure 3B ) and Q203:Y318 ( Figure 3C ) reveal that in both MD-1 and MD-2 the β2/β3 and β20/β21strands and V3 loop reorganize within the same time frame. The crystal structures of the unliganded gp120 coreE 38 indicate that residues in the stem of the truncated V3 loop stabilize the gp120 CD4 conformation by forming hydrogen bonds with the main-chain atoms of the β20/β21 strands. In the case of gp120 F105−V3 , MD-1 and MD-2 trajectories reveal only transiently formed hydrogen bonds between V3 loop and β20/β21 strands during simulation. Thus, the rearrangement of β20/β21 in the absence of ligand in less than 40 ns is not impeded by V3 loop interaction. Nonetheless, the V3 loop closely associates with the β2/β3 throughout the simulations, likely preventing β2/β3 interaction with β20/β21. Thus, the β20/β21 strand spontaneously rearranges to enclose the Phe43 cavity via close interactions with the inner and outer domain residues.
Role of Conserved N425 in Driving Bridging Sheet Rearrangement. We next assessed interaction distances for all residues pairs between the β20/β21 strand and residues from inner domain and the outer domain within the vicinity of the Phe43 cavity. A strong interaction is defined as an interaction in which the minimum distance between any two atoms of the residue pair is less than or equal to 0.4 nm, and the distance is maintained over a period of at least 20 ns or more. The residue pairs with the strongest interactions are listed in Table 1 . Both N425 and K421 have the strongest interactions with the outer domain throughout the simulation. The inter-residue distances (N425 to W112 and N425 to F328) were monitored for MD-1 and MD-2 ( Figure 4A−C) . Further, inspection of the MD-1 and MD-2 trajectories reveals that N425 assists in the rearrangement of β20/β21 (Supporting Information movies). As shown in the 100 ns snapshots for MD-1 and MD-2 ( Figure  4D,F) , N425 rearranges to interact with F382 in the outer domain over the course of the simulation. The transition begins within the first 4 ns of the simulation, with the side chain of N425 reversing its orientation from solvent exposed to interacting with W112 on the inner domain. In the MD-1 simulation ( Figure 4A , black line), N425 remains in contact with W112 (0.25 nm) for ∼35 ns and then moves across the Phe43 cavity and interacts with F382 ( Figure 4A , red line, and Figure 4D ) and S375 in the outer domain for the remainder of the simulation. In MD-2, after brief contact (∼5 ns) with W112, N425 shifts to interact with F382 for the duration of the simulation ( Figure 4B red line, and Figure 4F ). The N425− F382 interaction is not observed in the CD4 bound form of gp120 (for example in 1G9N); instead, N425 hydrogen bonds to E370, anchoring the bridging sheet to the outer domain in gp120 CD4 ( Figure 4E and Figure S3 ). Interestingly, residue N425 is 75% conserved among HIV strains and is most often substituted by arginine. Furthermore, a gp120 triple mutation, I423M/N425 K/G431E, exhibits both reduced soluble CD4 and antibody 17b binding, 26 adding support to the role of N425 strand in mediating bridging sheet reorganization. Therefore, N425 appears to initiate β20/β21 rearrangement by first interacting with W112 on the inner domain and then with F382 on the outer domain. This rearrangement then positions W427 and Y435 in close proximity of W112, early on during the simulation, stabilizing β20/β21 interaction with the inner and outer domains.
The pivotal role of N425 led us to examine adjacent β20 residues (K421, N422, I423, I424, and M426) as these are all in close proximity to the outer domain in gp120 CD4 . In the gp120 F105 crystal structure K421 is within interacting distance of F382 and Y384 in the outer domain (Table 1 ). In both MD-1 and MD-2, K421−Y384 interaction is maintained (Table 2 and Figure S4 ). The K421−F382 interaction is maintained in MD-2, while in MD-1 it dissipates at ∼40 ns. In MD-1, the key bridging-sheet/inner-domain interactions are all maintained over 60% of the simulation period, with an average standard deviation of 0.1 nm (Table 2 ). In MD-2, except for W112− W427, the remaining bridging-sheet/inner-domain key interactions are all maintained over 97% of the simulation time (Table 2) with an average standard deviation of 0.05 nm ( Table  2) .
Clustering analysis revealed two major clusters in MD-1 and MD-2 ( Figure S5 ). The clustering was performed using the Jarvis−Patrick method, which uses the nearest-neighbor approach. 69 In this method, the similarity is determined using a distance metric, and the neighbors of a given structure are the closest structures within a cutoff (0.1 nm). In MD-1, the major structural difference between the two clusters is in the bridgingsheet conformation ( Figure S5A,B) , whereas in MD-2 a less dramatic difference is observed between the orientations of the β20/β21 strands ( Figure S5C,D) . The key bridging-sheet/ inner-domain interactions excluding the W112−W427 interaction are typically weaker in cluster 2 of MD-1 (∼0.4 nm) than in cluster 2 of MD-2 (∼0.22 nm) ( Table 2) .
The next residue on β20, Q422, forms a hydrogen bond with E381 and is solvent exposed in the gp120 F105 crystal structure; however, this interaction is not maintained and Q422 remains solvent exposed throughout the MD-1 and MD-2 simulations. The behavior of neighboring β20 residues, I423 and I424, varied between the two simulations. In MD-1, I423 has close interactions with F382, while in MD-2 I424 maintains interaction with F382, suggesting both I423 and I424 have the capacity to stabilize interactions with the outer domain. Residue M426, rather than interacting with the outer domain, remains closely associated with W427 while interacting with W112 as well. To validate the importance of β20 residues in driving bridging sheet rearrangement, gp120 F105−V3 containing the I423P mutation was simulated for 100 ns. Xiang et al. introduced the I423P mutant to constrain the conformation of the bridging sheet and found that the mutant eliminated both CD4 and CD4i antibody binding. 26 Examination of the I423P trajectory demonstrates that I423P interacts with F328 and W112, blocking both the interaction of N425 with F382 and W112 and the refolding of β20/β22 between the inner and outer domains (Figure S6 ), consistent with observations a The first five interactions are bridging-sheet/inner-domain interactions; the sixth is inner-domain/outer-domain interaction. b Minimum distance between any two atoms, averaged over 100 ns simulations.
c Percentage time a given interaction (minimum distance between any two atoms is ≤0.45 nm) over the 100 ns period. Cluster1 corresponds to clusters centered around structure, at t = 18600.0 and 34100.00 ps respectively for MD-1 and MD-2.
e Cluster2 corresponds to clusters centered around structure, at t = 65800.00 and 86550.00 ps respectively for MD-1 and MD-2. reported by Liu et al. 55 Thus, we posit that the β20/β21 strands initiate gp120 conformational change that leads to a CD4 binding competent conformation and that there is a natural propensity of the β20/β21 to reside between the inner and outer domains in the preformed Phe43 cavity. The finding that β20/β21 reorients between the inner and outer domain is generally consistent with the conformation exhibited by β20/ β21 in the only crystal of unliganded gp120, from SIV ( Figure  S7 ), and suggests that β20/β21 has a tendency to adopt this conformation. The results of the simulations are further supported by experiment: mutant gp120 envelope proteins containing K421D, N422L, I423S, or I424S on β20 reduced binding to both soluble CD4 and CCR5, 68 and deletion of both the β20/β21 strands enhances both F105 and b12 antibody binding to gp120, suggesting a reduction of steric hindrance with its removal. 70 As the initial distance between N425 and W112 on helix α1 is 11.2 Å, a longer-range electrostatic interaction as noted by Kwong et al. may be triggering the rearrangement. 28 Inner Domain Conformational Changes. The inner domain has been described as containing three structurally mobile layers, comprised of helix α0, helix α1, and helix α5 31 (we note that helix α0 is not observed in the gp120 F105 crystal structure). Interestingly, helix α1 is partially unfolded in the b13−gp120 and completely unfolded in the b12−gp120 cocrystal structures. 29, 32 When comparing the position of helix α1 and helix α5 in gp120 F105 versus gp120 CD4 , the two helices are further apart in the gp120 CD4 , implying that the helix α1 and α5 shift relative to each other in order to accommodate the formation of the bridging sheet and the Phe43 cavity. Furthermore, previous computational analysis posited that H105 on helix α1 and M475 on the tip of helix α5 behave like a hinge region, stabilizing interactions with the bridging sheet. 49 Hence, we monitored the distances between W427 on β20/β21 and helices α1 (W112) and α5 (M475). The distance plot between W427−M475 indicates that W427 moves from 2.0 nm to within 0.5 nm of M475, in less than 40 ns in both MD-1 and MD-2 ( Figure 5A −C, red line). Interaction between W427 and H105 on helix α1 is weaker for both MD-1 and MD-2 ( Figure  5A −C, black line). The distances between M475 and H105 or W112 as an indicator of helix α1 and α5 interaction ( Figure  5D −F) indicates that in MD-1 M475 maintains close interaction with W112 (∼0.25 nm) and no interaction with H105. On the other hand, in MD-2, M475 maintains steady interactions with H105 (∼0.5−0.6 nm) while the distance between M475 and W112 fluctuates. We further analyzed the interaction of residue W479 on helix α5 with residues, M104, H105, I108, and I109, on helix α1 to assess the relative motions of these two layers of the inner domain. As shown in Figure  6A −C for MD-1 and MD-2, the strongest interaction occurs between W479 and I109 (blue line), with either H105 (MD-1, red line, Figure 6A ) or I108 (MD-2, green line, Figure 6B ), providing additional stability between helix α1 and helix α5. Interestingly, these residues are associated much more closely in simulations of small ligand bound (NBD) or CD4 bound gp120 CD4 (GCD2) compared to the unliganded gp120 CD4 (GPO3) 49 ( Figure S8 ). The average distances between N-terminus and C-terminus of helix α1 with the C-terminus and N-terminus of helix α5 are ∼0.75 and ∼1.57 nm, respectively. Closer inspection indicates that a kink develops in helix α1 at M104 and H105 in MD-1 and MD-2, respectively, as early as 40 ns (Figure 6D,F) . Thus, the C-terminal portion of helix α1 pivots away from the outer domain while the N-terminal portion remains more closely associated with the inner domain β-sandwich and helix α5 ( Figure 6D,F) . In fact, the structure of helix α1 as exhibited in the average structure of MD-2 resembles that observed in the b13−gp120 complex ( Figure 6E ). As expected, helix α5 in MD-1 and MD-2 maintains the same position as observed in gp120 CD4 (rmsd 0.19 and 1.6 nm) and gp120 F105 (rmsd 0.25 and 0.25 nm) crystal structures. Thus, the tight interaction between M475 and W479 on helix α5 and H105, I108, and I109 on helix α1 anchors the N-terminus region of the helix α1 while the C-terminus portion of helix α1 pivots away from the outer domain, permitting the β20/β21 strands to wedge between the inner and outer domains. Since a hydrogen bond is observed between E102 and R476 in gp120 CD4 crystal structure and the distance between E102 and R476 or R480 side chains is less than 0.4 nm in gp120 F105−V3 , we also examined the electrostatic interactions between E102 (helix α1) and R476 or R480 (helix α5). This hydrogen bond or salt bridge does not form between E102 and R476 or R480 side chains in either MD-1 or MD-2. Comparison of 100 ns simulations of GPO3, NBD, and GCD2 indicates that stabilizing E102 and R476 or R480 side-chain interactions are maintained ( Figure S9 ). Thus, in the unliganded form, the majority of the interactions between helix α1 and helix α5 are hydrophobic in nature, although weak electrostatic interactions also form between E102 and R476 or R480.
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■ CONCLUSIONS
In this study we hypothesized that the extended β2/β3 and β20/β21 arrangement as exhibited in the antibody F105− gp120 complex represents one potential conformation of the metastable unliganded gp120 monomer for study of gp120 conformational change. The two 100 ns MD simulations demonstrate remarkably similar results with a conformational transition occurring within the first 30 ns. The transition commences with β20/β21 strand reorienting from an extended conformation exhibited in the gp120 F105 crystal structure to a folded conformation lying between the inner and outer domains, reminiscent of its position observed in gp120 CD4 . Within the first 4 ns, residue N425 on β20 reorients by interacting with W112 before settling against the F382 in the outer domain positioning β20/β21 residues W427 or Y435 to interact with W112 on helix α1. The conformational transition was not observed when simulating a β20/β21 constraining mutant, I423P. The β2/β3 and the V3 loop also reorganize by folding over the β20/β21 in the simulated unliganded form of gp120 F105−V3 . The rearrangement of the β20/β21 was accompanied by unwinding of helix α1 which also pivots about the N-terminus. The β20/β21 once refolded remains between the inner and outer domain for the entire 100 ns simulation period, even in the absence of a ligand. Thus, the folding of β20/β21 encloses one face of the preformed Phe43 cavity and is stabilized by interactions maintained between residues on both inner domain and outer domain.
Previous dogma held that CD4 or small molecule binding induces gp120 conformational transition from an unstructured form to the gp120 CD4 form. However, the recent crystal structure of the unliganded gp120 38 indicates that gp120 coreE spontaneously adopts the CD4 bound conformation when not restricted by the presence of the V1, V2, and V3 variable loops. In our studies the presence of the V3 loop did not constrain the conformational rearrangement of the β20/β21 strands. However, the V3 loop formed strong interactions with the β2/β3 preventing the formation of the four-stranded antiparallel bridging sheet observed in gp120 CD4. The propensity for V3 loop reorganization to interact with the β2/β3 strand during MD simulation is consistent with V3 determinants of coreceptor usage 45, 46 and the sensitivity of V3 sequence in eliciting humoral immunity. 71 The previously reported charge dependent mobility of the V3 loop as observed in MD simulation of gp120 CD4 47 is also consistent with the mobility of the loop observed in MD simulations of gp120 F105 . We conclude from the simulations reported herein that the β20/β21, in unliganded gp120, has a natural propensity to adopt a conformation between the inner and outer domain.
This conclusion is consistent with the position of the β20/β21, as observed in the SIV structure 40 and as suggested by mutant data reported by Finzi et al. 41 and others. 26, 68, 70 Experimentally, we suggest probing the binding affinity of small molecules inhibitors 72 that display varied thermodynamic signatures in full-length gp120 containing the N425 mutant to further explore the role of β20/β21 in mediating gp120 conformational equilibrium. Moreover, the insights provided herein should be helpful in developing strategies to entrap unproductive conformations of gp120 in its unliganded form as a means of preventing HIV-1 entry.
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